The preB€ otzinger Complex (preB€ otC), a compact medullary region essential for generating normal breathing rhythm and pattern, is the kernel of the breathing central pattern generator (CPG). Excitatory preB€ otC neurons in rats project to major breathing-related brainstem regions. Here, we provide a brainstem connectivity map in mice for both excitatory and inhibitory preB€ otC neurons.
the glycine transporter GlyT2, which modulate inspiratory pattern and generate apneas (Janczewski, Tashima, Hsu, Cui, & Feldman, 2013; Sherman, Worrell, Cui, & Feldman, 2015) , although they are apparently not rhythmogenic (Cui et al., 2016; Sherman et al., 2015) . Within rat brainstem, preB€ otC SST 1 neurons have extensive projections representing the structural core of the breathing central pattern generator (CPG) (Tan et al., 2010) . Here, we delivered a Cre-dependent adenoassociated virus expressing EGFP (AAV-FLEX-EGFP) into the preB€ otC of SST-Cre mice and observed a similar projection pattern to breathing-related brainstem regions. In parallel, we identified projections of a subpopulation of inhibitory preB€ otC neurons in GlyT2-Cre mice. Given the different effects on breathing of manipulating the activity of preB€ otC excitatory and inhibitory neurons (Cui et al., 2016; Sherman et al., 2015; Tan et al., 2008) , we hypothesized that these non-overlapping subpopulations of neurons would have distinct projection targets, though perhaps with some overlap. Strikingly, we found that both excitatory SST 1 and inhibitory glycinergic preB€ otC neurons send focal projections to all of the same brainstem nuclei. We examined overlapping projections in the pons and found that excitatory and inhibitory preB€ otC neurons can even innervate the same target neurons.
Although the primary role of the preB€ otC is widely accepted to be inspiratory rhythm generation driving inspiratory movements producing airflow (Feldman, Del Negro, & Gray, 2013; Feldman & Kam, 2015) , its rhythmic output may also serve other purposes, e.g., modulating emotion and higher-order behaviors such as arousal (Yackle et al., 2017) or even memory and fear (Zelano et al., 2016) . While there are clear topdown influences on breathing, e.g., emotional (crying, laughing, etc.) (Guz, 1997) and volitional (speech, breath holding) breathing movements, there are reciprocal effects in humans, with breathing exercises during meditation, mindfulness, or yoga associated with improvements in cognitive processing, emotional state, and mood (Arch & Craske, 2006; Brown & Gerbarg, 2005; Jella & Shannahoff-Khalsa, 1993; Lockmann, Laplagne, Leao, & Tort, 2016; Zeidan, Johnson, Diamond, David, & Goolkasian, 2010; Zelano et al., 2016) . Breathing rhythm is also a powerful force in shaping and coordinating other motor patterns, from fine orofacial movements, e.g., sniffing, whisking in rodents, and speech in humans, to large-scale movements such as running and swimming (Daley, Bramble, & Carrier, 2013; Kleinfeld, Deschenes, Wang, & Moore, 2014; Moore et al., 2013) . Notably, such disparate functions as reaction times (Beh & Nix-James, 1974; Li, Park, & Borg, 2012) and pupillary diameter (Borgdorff, 1975; Ohtsuka, Asakura, Kawasaki, & Sawa, 1988) are modulated by the breathing cycle.
The relationship between breathing-related brainstem areas and suprapontine regions is not well understood, as previous circuit analyses of the breathing CPG have mostly been restricted to the brainstem and spinal cord. Direct suprapontine projection targets of the preB€ otC related to emotive and volitional control, especially limbic regions, have not been mapped comprehensively, particularly with respect to subpopulation-specific projections (Loewy, Wallach, & McKellar, 1981; Zagon, Totterdell, & Jones, 1994) . We found that preB€ otC neurons in mice projected to suprapontine regions not previously associated with breathing-modulated changes in blood gases and pH, including nuclei within the periaquaductal gray (PAG), thalamus, and hypothalamus. As with the brainstem projections, glutamatergic SST 1 and inhibitory Zeilhofer, University of Zurich, Switzerland, and all other mice were obtained from Jackson Labs (Bar Harbor, ME).
| Surgical procedures
All experimental procedures were approved by the Chancellor's Animal
Research Committee at the University of California, Los Angeles. For AAV iontophoresis injections, male mice (10-24 weeks old) were anesthetized with isoflurane and positioned in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). The skull was exposed with a midline scalp incision, and the stereotaxic frame was aligned at bregma using visual landmarks. A drill was placed over the skull at coordinates corresponding to the preB€ otC (anteroposterior, 26.78 mm; lateral, 1.25 mm) (Paxinos & Franklin, 2004) , and a hole was drilled through the skull bone to expose the cerebellum. A micropipette (20 lm tip I.D.) loaded with virus (AAV-FLEX-EGFP; University of Pennsylvania Vector Core) was aligned at bregma (including in the z-axis), guided to the preB€ otC coordinates, and slowly lowered at 1 mm/min until it penetrated to a depth of 24.8 mm. A silver wire electrode was inserted into the micropipette, with the tip submerged in the viral solution, and was connected to a current source (Midgard Electronics, Watertown, MA). A current of 3 lA (7 s on, 7 s off) was applied for 5 min, and the micropipette was left in place for 10 min to allow viral particles to diffuse and then withdrawn at 1 mm/min to minimize the backflow along the micropipette track. After surgery, mice were housed for 3 weeks to allow robust expression of EGFP. 
| Histology
AAV-injected mice were processed for expression of EGFP as previously described (Sherman et al., 2015) . Briefly, mice were deeply anesthetized with pentobarbital and perfused transcardially with saline followed by 4% paraformaldehyde in phosphate-buffered saline (PBS).
Brains were removed, postfixed overnight at 48C, and embedded in 3% (Scanlan, Dufourny, & Skinner, 2003) .
The anti-NeuN antibody (Millipore, Cat# MAB377, RRID:
AB_2298772) was raised in mice (clone A60) against the neuronspecific protein NeuN, which is expressed in most, but not all, neurons in the adult mouse brain, and not in glia (Mullen, Buck, & Smith, 1992) .
The specificity of this antibody for neurons has been validated using immunohistochemistry and immunoblot analysis showing antibody binding to the nuclear fraction of brain tissue, but not other organs (Mullen et al., 1992) .
Anti-GFP antibody (Aves Labs, Cat# GFP-1020, RRID: AB_10000240) was raised against recombinant EGFP in chickens, and the IgY fraction containing the antibody was affinity-purified from the yolks of immunized eggs. This anti-EGFP IgY specifically recognizes the viral-mediated EGFP-expressing neurons in adult rats (Tan et al., 2008 (Tan et al., , 2010 ). We did not observe immunolabeling in brain sections that were not infected by the virus expressing EGFP. hypoglossal nuclei, and nucleus ambiguous, in conjunction with colabeling for a molecular marker that labels subsets of preB€ otC neurons, i.e., SST ( Figure 1 ; Sherman et al., 2015) . EGFP-labeled cell bodies were mostly restricted to the preB€ otC, with relatively few fluorescently labeled neurons in surrounding regions, e.g., Figure 1 , bottom right.
Experiments in which there was extensive EGFP expression along the micropipette track or in regions surrounding the preB€ otC were either excluded from analysis or used as controls to confirm that injections outside of the preB€ otC had a different projection profile compared to ones that encompassed the preB€ otC. Here we report the projections of preB€ otC neurons that were consistently observed across all experiments (n 5 8 each SST-Cre and GlyT2-Cre) with clear, discrete projection fields. While injections into the preB€ otC of both SST-Cre and GlyT2-Cre mice revealed strong projections to discrete nuclei, there were also markedly less dense and diffuse EGFP 1 processes that did not appear to target specific regions and are not described here. For example, we observed very sparse projections in the cerebellum and raphe nuclei, with a few projections in the locus coeruleus (cf., Yackle et al., 2017) apparently straying from neighboring parabrachial nuclei.
| Brainstem projections of preB€ otC neurons

| Midbrain projections
SST 1 preB€ otC neurons projected robustly to the PAG and surrounding regions, as in rat (Tan et al., 2010) , targeting the ventrolateral divisions in particular (Figure 3 , top left). There were extensive projections to the inferior and superior colliculi (commissure, motor-related region) and the midbrain reticular nucleus, within which were few diffuse projections in the ventral tegmental area (not shown). Interestingly, there were fibers clustered immediately dorsal to the substantia nigra pars compacta with a few extending into the nucleus. As with the brainstem projections, glycinergic preB€ otC neurons also projected to similar regions as SST 1 preB€ otC neurons: the PAG (Figure 3, top right) ., the inferior and superior colliculi, and midbrain reticular nucleus (not shown). Both SST 1 and GlyT2 1 processes had diffuse processes spanning much of the length of the midbrain, but for the most part appeared to be coursing through as fiber bundles.
| Forebrain projections
As projections from transfected preB€ otC neurons traversed rostrally, Within the forebrain as in the brainstem, GlyT2 1 preB€ otC neurons had a projection pattern similar to SST 1 preB€ otC neurons (Figure 4 , right). For both SST 1 and GlyT2 1 preB€ otC neurons, projections were bilateral, with denser contralateral projections (Figures 3-4) . At level of the medial dorsal thalamus, contralateral projections were 1.7-fold greater than ipsilateral projections (pixel intensity, n 5 3). There were no substantial preB€ otC projections observed in the cortex, hippocampus, or olfactory bulb in either SST-Cre or GlyT2-Cre mice. In some mice (n 5 2/8 SST-Cre, 1/8 GlyT2), projections were present in the amygdala, but the fibers were sparse; since these projections were not reliably observed, we cannot conclude that the amygdala is a target of SST 1 or GlyT2 1 preB€ otC neurons.
All efferent target nuclei received overlapping projections from SST 1 and GlyT2 1 preB€ otC neurons. Both excitatory and inhibitory projections innervated regions bilaterally, but there were some regions to the midbrain were bilateral, but most suprapontine regions that received preB€ otC efferent projections were more strongly innervated contralateral to the injection site.
| Retrograde tracing from suprapontine preB€ otC targets
To confirm the suprapontine efferent targets of preB€ otC neurons, we injected retrograde tracers into the observed (putative) projection sites to see if preB€ otC neurons were labeled. We made large injections of 3.6 | Excitatory and inhibitory preB€ otC neurons can innervate the same neuron Figure 6 ). Since more than 50% of these neurons were labeled in each case, at least some subset of the FoxP2 neurons within this region likely receive both excitatory and inhibitory input from the preB€ otC.
| D ISC USSION
The preB€ otC generates the rhythmic signals that underlie inspiratory breathing movement, as reflected in SST 1 and GlyT2 1 preB€ otC projections to the rostral and caudal VRG, which contain bulbospinal premotoneurons with mono-or oligosynaptic connections to motoneurons driving the phrenic, intercostal, and abdominal muscles (Alheid, Gray, Jiang, Feldman, & McCrimmon, 2002; Dobbins & Feldman, 1994; Hernandez, Lindsey, & Shannon, 1989) , as well as to the parahypoglossal region, which contains premotoneurons projecting to vagal and hypoglossal motoneurons that control tongue and upper airway muscles (Chamberlin, Eikermann, Fassbender, White, & Malhotra, 2007; Dobbins & Feldman, 1995; Koizumi et al., 2008; Revill et al., 2015) . NTS. Part of a major sensory pathway, the NTS integrates and relays afferent signals from the vagal, facial, hypoglossal and glossopharyngeal nerves, and peripheral chemo-, baro-and stretch receptors (Zoccal, Furuya, Bassi, Colombari, & Colombari, 2014) . The NTS conveys this information to the preB€ otC, among other brainstem regions, and suprapontine regions, projecting broadly to thalamus, hypothalamus, and limbic structures (Norgren, 1978) .
B€ otC. Immediately rostral to the preB€ otC, the B€ otC is primarily composed of inhibitory glycinergic neurons (Ezure, Tanaka, & Kondo, 2003) and modulates inspiratory and expiratory timing (Jiang & Lipski, 1990 ). The B€ otC projects to the parabrachial nuclei, KF, NTS, VRG, and phrenic motoneurons (Ezure, Tanaka, & Saito, 2003; Tian, Peever, & Duffin, 1999) .
pF. The pF L is a presumptive essential partner of the preB€ otC, as it appears critical for generating expiratory motor activity driving expiratory airflow, i.e., active expiration (Huckstepp et al., 2015; Huckstepp, Henderson, Cardoza, & Feldman, 2016; Janczewski & Feldman, 2006; Pagliardini et al., 2011) . The adjacent pF V presumably acts as a CO 2 /pH sensor, providing chemosensory drive to regulate breathing in response to metabolic demand. Projections dorsomedial to VIIn and B€ otC also labeled the region containing the recently identified PiCo, a region hypothesized to play a role in generating postinspiratory activity (Anderson et al., 2016) .
Dorsolateral rostral pons. Different subtypes of neurons in the parabrachial nuclei and KF modulate inspiratory and expiratory duration, control the transition between inspiration to expiration, and may play a role in the generation of post-inspiratory activity (Dutschmann & Dick, 2012) . The parabrachial nuclei and KF are reciprocally connected to many breathing CPG regions including VRG and NTS (Geerling et al., 2017; Yokota, Kaur, VanderHorst, Saper, & Chamberlin, 2015; Yokota, Oka, Tsumori, Nakamura, & Yasui, 2007) . In addition to their reciprocal connectivity with the preB€ otC, these nuclei project rostrally to suprapontine regions including amygdala, cortex, bed nucleus of the stria terminalis, and hypothalamus (Krukoff, Harris, & Jhamandas, 1993) , providing an ascending pathway for breathingrelated signals to influence higher-order functions, including emotion and cognition.
Such extensive reciprocal interconnectivity with the rest of the breathing CPG enables the preB€ otC to generate a rhythm that can be highly regulated for physiological needs as well as affect non-breathing related functions and behaviors, e.g., metabolism, cognition, and emotion.
| preB€ otC suprapontine projections transmit breathing-related signals that may modulate other behaviors or emotional state
PAG. The midbrain PAG is well-poised to integrate higher order sensory information with breathing during arousal, sleep, and emotional and defensive behaviors, e.g., fight or flight. The PAG receives descending information from limbic regions including cortex, central amygdala, thalamus, and hypothalamus (Beitz, 1982) and projects to various brainstem respiratory regions. PAG stimulation has diverse effects on breathing, e.g., slower and deeper breathing, and changes in respiratory timing, possibly through direct actions on the preB€ otC (Subramanian & Holstege, 2010 . Thalamus. preB€ otC projections to the thalamus represent a pathway for transmitting breathing information to the cortex. Breathingmodulated neurons are present in the thalamus (Chen, Eldridge, & Wagner, 1992) . The parafascicular thalamic complex plays a role in hypoxia-induced inhibition of breathing in the fetal brain (Koos et al., 2004; Koos, Rajaee, Ibe, Guerra, & Kruger, 2016) . preB€ otC projections to the central medial thalamus, a region well connected to cortical, limbic, and sensorimotor structures including insular, anterior cingulate, somatosensory, and motor cortices, dorsal striatum, basolateral amygdala, nucleus accumbens, and basal ganglia (Vertes, Hoover, & Rodriguez, 2012) , establishing a potential circuit to integrate breathing output with emotion and cognitive function. preB€ otC projections to the zona incerta, a nucleus implicated in coordinating corticothalamic and brainstem rhythms, motor function, and gating of pain, may serve a similar function.
Lateral and dorsomedial hypothalamus. These structures are implicated in feeding, reward, sleep/wakefulness, circadian rhythm, and stress (Saper, 2006; Stuber & Wise, 2016; Tyree & de Lecea, 2017) .
They contain orexin-producing neurons, some sensitive to CO 2 and pH (Williams, Jensen, Verkhratsky, Fugger, & Burdakov, 2007) , that affect breathing across different states of arousal (Williams & Burdakov, 2008) . Mice lacking orexin have a blunted ventilatory response to hypercapnia during wakefulness and increased apneas during sleep (Nakamura, Zhang, Yanagisawa, Fukuda, & Kuwaki, 2007) , which may be mediated by interactions with the preB€ otC.
LPO. The LPO regulates arousal and motivated behaviors. LPO lesions increase wakefulness (Alam & Mallick, 1990) , and local application of orexin-and melanin-concentrating hormone can affect sleep (Benedetto et al., 2013; Methippara, Alam, Szymusiak, & McGinty, 2000) . LPO receives significant input from the nucleus accumbens and projects through the medial forebrain bundle to the pedunculopontine nucleus, the PAG and the superior colliculus, making the LPO part of the circuit by which limbic regions may modulate locomotor activity (Swanson, Mogenson, Gerfen, & Robinson, 1984) . Thus, signals from the preB€ otC could modulate levels of arousal or activity.
4.3 | Functional output of SST 1 and GlyT2 1 preB€ otC neurons SST 1 preB€ otC neurons participate in generating the burst pattern that ultimately drives inspiratory motor output, and GlyT2 1 preB€ otC neurons modulate the respiratory pattern, but neither appear to be rhythmogenic (Cui et al., 2016; Sherman et al., 2015) . SST 1 preB€ otC neurons are excitatory, unlike in other brain regions where SST is colocalized with GABA, i.e., non-preB€ otC SST 1 neurons are inhibitory, but the SST peptide, when released, is presumed to act as an inhibitory neuromodulator (Greene & Mason, 1996; Yamamoto, Runold, Prabhakar, Pantaleo, & Lagercrantz, 1988) . Thus, the net effect of these preB€ otC neurons on their targets will be a function of the release patterns of glutamate and SST, which may be activity-dependent, as well as the receptor profile of the postsynaptic neurons. Given their phasic activity related to the breathing cycle, excitatory SST 1 and inhibitory et al., 2013) .
Other behaviors that may not require precise timing with the breathing cycle may instead be sensitive to acute changes in breathing pattern, as in exercise, response to stress, or significant homeostatic changes, e.g., body temperature. Breathing information from the preB€ otC could also be utilized across a longer timescale to affect sleep (Mortola, 2004) . preB€ otC projections to rostral suprapontine regions could function to match propriosensory feedback with motor information about breathing status to affect the volitional or emotional modulation of breathing. In humans, the ability to monitor ventilatory status and generate (or mask) the sensory percept of breathing is thought to arise through the gating of sensorimotor and proprioceptive feedback from breathing pathways, possibly through thalamus or hippocampus, to the cortex (Davenport & Vovk, 2009 ). Under eupneic conditions, the cortex may not register breathing rhythm on a cycle-by-cycle basis. However, given a strong stimulus, i.e., dyspnea or breathing distress, the resulting breathing-related sensory signals could break through to higher cortical and limbic areas as a breathing sensation with an emotional valence, e.g., anxiety, panic. Moreover, direct signals from breathing CPG efferents to suprapontine regions could contribute to dysfunctions in the perception of breathing, e.g., breathlessness (Banzett et al., 2000; Davenport & Vovk, 2009; Kinkead, Tenorio, Drolet, Bretzner, & Gargaglioni, 2014) 4.4 | Is breathing connected to emotions and cognition? (Cui et al. 2016) . While these neurons likely project locally within the preB€ otC microcircuit, they may project to other regions, perhaps distinct from SST 1 neurons. A smaller subset of preB€ otC neurons that express the molecular marker Cdh9, which do not overlap with SST 1 neurons, project to locus coeruleus (a projection we did not observe), a major center relaying information rostrally that appears to modulate calm and arousal (Yackle et al., 2017) .
GABAergic neurons, while overlapping with glycinergic neurons, may also provide a separate projection pattern.
Breathing information from the preB€ otC need not be monosynaptic to suprapontine targets, e.g., amygdala, hippocampus, or cortex;
indeed, it can readily be relayed via ascending projections through intermediate nuclei that in turn project directly to these targets. Potential intermediaries include parabrachial nuclei and NTS (Benarroch, 2016) , which receive dense projections from the preB€ otC and project broadly to the thalamus, hypothalamus, and amygdala (Saper & Loewy, 1980) , as well as locus coeruleus (Yackle et al., 2017) . Breathing-related signals may also be indirectly transmitted to higher-order brain regions via sensory afferent feedback, e.g., breathing-related pulmonary vagal afferents or through breathing-modulated olfactory bulb activity, effectively bypassing the preB€ otC. Both the hippocampus and limbic regions, including cortex and amygdala, exhibit distinct breathingrelated oscillations: in rats, such synchrony is hypothesized to link olfaction with memory and learning (Lockmann et al., 2016) ; in humans, breathing rhythm entrains oscillatory activity in the piriform cortex, amygdala, and hippocampus and may improve cognitive and emotional processing in a respiratory phase-dependent manner (Zelano et al., 2016) . Thus, the preB€ otC generates rhythmic activity that entrains other behaviors, e.g., sniffing and whisking, and can phase lock with or underlie oscillations in the higher-order brain regions important for cognition and emotion.
We established extensive preB€ otC connectivity throughout the brain, with excitatory and inhibitory neurons projecting to other central components of the brainstem breathing CPG and suprapontine regions through direct or second-order pathways, which we hypothesize modulate emotional and cognitive processes or coordinate behaviors (Figure 7) . This highlights the importance of the preB€ otC not only as the kernel of the breathing CPG, but also as a central source of breathing output that is distributed widely across the brain with likely far reaching effects. 
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